We demonstrate the formation of superparamagnetic/ferromagnetic regions within ZnO(0001) single crystals sequently implanted with B and Co. While the preimplantation with B plays a minor role for the electrical transport properties, its presence leads to the formation of amorphous phases. Moreover, B acts strongly reducing on the implanted Co. Thus, the origin of the ferromagnetic ordering in local clusters with large Co concentration is itinerant d-electrons as in the case of metallic Co. The metallic amorphous phases are non-detectable by common X-ray diffraction.
Introduction
Ferromagnetic diluted magnetic semiconductors (DMS) are currently intensely studied due to their potential applications in spin electronics. Among them, Co doped ZnO has been widely characterized with respect to its magnetic properties. Those range from paramagnetic for perfect crystalline structure 1 to ferromagnetic/ superparamagnetic if secondary inclusions 2 With respect to amorphization, we expect similar results as found by Kucheyev et al. 11 who implanted Si ions into ZnO single crystals and observed a disordered layer mainly in the rising edge of the implantation depth profile. The layer contained a mixture of nanoscale amorphous and embedded crystalline regions. Amorphous phases in TM doped ZnO have been observed also without co-doping. In a recent paper 6 we showed that for Fe implanted ZnO single crystals, metallic crystalline Fe clusters are formed during low temperature vacuum annealing. With increasing temperature, the ZnO matrix locally starts to decompose and evidence for small amorphous Fe-Zn-O complexes was found. Those amorphous inclusions are nonmagnetic. Note that the tendency of oxidizing Fe, i.e., the formation of such amorphous non-magnetic complexes is larger for ZnO of low crystalline quality, i.e.
such containing large amounts of microscopic defects like grain boundaries. In such crystals, formation of crystalline secondary phases is suppressed 7 . Note that the expression "low crystalline quality" indicating large amounts of defects, mosaicity and grain boundaries should not be confused with "low crystallinity" or "amorphous" in the sense of low or absent long range crystalline order. Upon long time annealing, the non-magnetic complexes turn into crystalline inverse spinel ZnFe 2 O 4 clusters which are ferrimagnetic. If the crystalline clusters are very small and occur in low density, they are difficult to detect by common structural analysis methods. Nevertheless, high resolution and sensitivity methods like synchrotron radiation x-ray diffraction (XRD) allow the detection of such clusters 8 . In contrast to that, amorphous or low crystalline inclusions are not detectable by the usual XRD methods. Unlike Fe, metallic crystalline Co cluster formation cannot be suppressed by lowering the crystalline quality. Instead, tetragonal coordination of Co 2+ ions in the ZnO matrix or metallic precipitates appear to be favoured upon moderate-fluence and low-temperature Co + implantation 9 . Large fluence implantation of Co + , on the other hand, leads to the formation of superparamagnetic, structurally disordered Co-Zn-O clusters 10 . The saturation magnetisation per implanted Co ion increases with increasing Co + fluence.
Those clusters are also undetectable by XRD, despite the rather large saturation magnetization of the samples.
II. Experiment
We used hydrothermally grown ZnO(0001) single crystals polished on both dsides provided by CRYSTEC (Berlin, Germany). We implanted B + ions at an energy of 30
keV, an angle of 7°, and different fluences summarized in Table I (Table I) . Sample characterization was performed by superconducting quantum interference device (SQUID) magnetometry using a Quantum Design MPM S XL, atomic force microscopy (AFM) using a Veeco/DI Multimode, x-ray diffraction using a Siemens D5005 diffractometer, transmission electron microscopy (TEM) using a FEI Titan and magneto-transport using the van der Pauw geometry. X ray absorption (XA) spectra were measured at the Advanced Light Source at beamline 4.0.2 in total electron yield (TEY) mode by monitoring the sample drain current thus probing the surface near region of the samples. XMCD spectra were acquired at 15 K in a magnetic field of 0.55T applied collinear with the x-ray beam which in turn impinged on the sample surface at and angle of 30º to the sample surface. nanoscale dots. At low energy/high fluence implantation, such dots can be observed in various materials 15 . We would like to conclude that the preparation has the following two effects on the surface relevant for the magnetic properties:
II. Structural properties
• Formation of meanders of variable size
• Formation of nanoclusters From the TEM results it is evident that the thickness of the predominantly amorphous (bright) film increases with increasing boron fluence from 80 nm for Z (8, 8) to 120 nm for Z (32, 8) , respectively. This is expected from the amorphization stimulated chemically by the boron. For Z (8, 8) Those are too few to be detected by XRD. The layer above the interface with the long range ordered ZnO bulk is rather thin (~ 5-10 nm) and amorphous. The amorphous clusters in the middle region show bright cores (Fig. 3(c) ) which do not contain Co as found by EFTEM (Fig. 4) . Thus, the Co density strongly varies within the ~20 nm sized Co-Zn-O clusters. At some spots the Co density becomes very large without creation of a long range ordered crystalline phase (Fig. 4(b) ). Those are responsible for the magnetic moment observed. contains an overlay with the EFTEM image measured at the Co emission edge. Gray spots correspond to large Co concentration. Note that the contrast of the overlay has been artificially enhanced for better visibility and must be considered as an illustration rather than an actual Co map.
III. Magnetometry
Directly after implantation, the samples have been analysed by magnetometry. We Quantitatively, the curves displayed in Fig. 5 can be modelled using the Preisach approach introduced by T. Song et al. 16 . The temperature dependence of the parameter p describing the magnetic properties of the (nano)phase is usually (Fig. 6(a) ) and the σ C0 values (Fig. 6(b) ). Generally, H C0 had to be set to zero for all samples containing boron while its non-zero for Z(0,8) 9 . Comparing a boron pre-implanted with a non pre-implanted sample, e.g. Z(0,8) with Z(0.5,8) it becomes evident that for the former the coercivity H C as well as the dispersions σ co and σ i0 (latter not shown) are significantly larger as for the latter. Although the saturation magnetizations for both are similar, the shapes of the hysteresis loops taken at 5 K are different. Z(0.5,8) exhibits a wasp-waist shape ( Fig. 5(a) ) while Z(0,8) does not (latter not shown). We speculate that the origin of the ferromagnetic hysteresis is different for both samples. This will be discussed in the next section using element-specific analysis. no exchange bias effect hinting towards ferromagnetic/antiferromagnetic interfaces has been found. In addition, the M-H curve, e.g. of sample Z (8, 8) , mounted perpendicular to the field was recorded at 5 K (Fig. 5(c) ). It clearly represents the magnetically hard axis in contrast to embedded metallic crystalline Co clusters 2 .
IV. Discussion of the influence of boron on the magnetic properties
For the ferromagnetic coupling of the Co moments several models should be considered
The first two interactions involve ionic states of Co while the latter occurs in metallic Co, Co-Zn precipitates 18 or other alloys involving metallic Co. For the interpretation of the magnetization data, we have to consider that B tends to chemically reduce Co and to enhance formation of stable amorphous areas. On the other hand, the ZnO matrix becomes instable after ion beam impact and tends to locally decompose and thus to create Co-Zn-O complexes. Another origin of reduction of the saturation magnetization and magnetic softening of metallic Co precipitates (see Fig. 6 ) is the admixture of large amounts of B. This has been studied mainly for Fe-Co-B alloys 19 .
Assuming the latter applies to the current system, the results shown in Fig. 6 The line shape of the Co XA spectrum for sample Z(0,16) is indicative of a divalent ionic Co state ( Fig. 7(a) ), i.e. Co 2+ , as in CoO 20-21 . In contrast, the XMCD lineshape ( Fig. 7 (b) ) is very similar to that of Co metal. Upon boron pre-implantation the XMCD lineshape does not change significantly but the XMCD signal becomes greatly enhanced, i.e. by about a factor of 10, and the XA line shape becomes more metallic (Fig. 7(c)-(f) ). In view of these results, we can explain the dependence of M sat on the B + fluence shown in Fig. 6(a) 
V. Electronic transport properties
The transport properties of the samples are investigated by Hall measurements using the van der Pauw geometry. Nevertheless, a dependence of the sheet resistance R, n e , and μ on the boron fluence can be observed (Fig. 8) . The trend of the sheet resistance R and the charge carrier density n e with increasing B + fluence ( Fig. 8(a) , (b)) nearly corresponds to that of the saturation magnetisation (Fig. 6 ). This suggests to associate the increase in saturation magnetisation with the increase of charge carrier density, e.g. from oxygen vacancy formation. It has been shown that oxygen vacancies do not provide shallow but rather deep donors 25 . Since the magnetic properties originate from amorphous metallic inclusions, the interpretation of the dependence of both n e and μ on the B + fluence is rather difficult. The large n e and μ values are caused by defects from the Co implantation, while they are influenced in the range of one order of magnitude by the boron pre-implantation. Thus, a doping effect of boron plays no major role. Possible explanations of the dependence of R, n e and μ on the B + fluence could be related to the n-type doping effect of the boron.
Indeed, the sheet resistivity of boron doped ZnO as a function of the boron concentration shows a minimum and n e shows a maximum 4 . The increase of R starts at a boron concentration of 2x10 21 cm -3 which is in a similar range as our doping level for Z (2, 8) . It has been explained with the creation of compensating defects 4 With increasing boron fluence, the negative MR becomes dominant at 5 K. Small negative MR in Co-doped ZnO has been modelled by the field-induced suppression of weak localization 30 . Large negative MR in Ti-, Cu-, and Nd-doped ZnO has been modelled by considering the magnetic scattering of conduction electrons by the isolated magnetic ions 31 . In order to reveal a dependence on the normalized magnetization, we plot the MR as a function of the B fluence as shown in Fig. 9(d) .
The negative MR cannot be modelled by (M/M S ) 2 as known for granular giant MR materials 32 . This proves that the boron pre-implanted, Co-implanted ZnO contains nonaligned ferromagnetic entities on a microscopic scale. We speculate, that the MR, 
VI. Summary
We studied the effect subsequently implanted of B and Co ions into ZnO (0001) 
